Abstract. Studies of oral corticosteroid dose and loss of bone mineral density have reported inconsistent results. In this meta-analysis, we used information from 66 papers on bone density and 23 papers on fractures to examine the effects of oral corticosteroids on bone mineral density and risk of fracture. Strong correlations were found between cumulative dose and loss of bone mineral density and between daily dose and risk of fracture. The risk of fracture was found to increase rapidly after the start of oral corticosteroid therapy (within 3 to 6 months) and decrease after stopping therapy. The risk remained independent of underlying disease, age and gender. We conclude that oral corticosteroid treatment using more than 5 mg (of prednisolone or equivalent) daily leads to a reduction in bone mineral density and a rapid increase in the risk of fracture during the treatment period. Early use of preventive measures against corticosteroid-induced osteoporosis is recommended.
Introduction
Corticosteroid-induced osteoporosis was discovered more than 60 years ago when Cushing first described the tendency of patients with excess endogenous corticosteroid to develop bone fractures [1] . But the relevance of these findings to exogenous oral corticosteroids (CS) has remained controversial for some time. A 1984 'evidence-based' review came to the conclusion that there was no 'evidence' to substantiate a causal role for corticosteroid therapy in producing clinically important osteoporosis [2] . However, expert opinion at that time, graded lower in the evidence hierarchy of meta-analysts, considered osteoporosis and vertebral compression fractures to be frequent serious complications of therapy [3] . More recently, the importance of corticosteroid-induced osteoporosis has become widely recognized and guidelines for its prevention and therapy have now been developed [4, 5] . This article considers what is known about the epidemiology of corticosteroidinduced bone loss and fractures, providing a thorough review of the information on the predictors of bone loss and fractures.
Studies that provided Z-scores of CS users were also included. The average Z-score of the CS users was converted into the percentage of normal using published reference data [6] [7] [8] . For each age and sex group, the percentage of normal for a Z-score of 1 was estimated by dividing the standard deviation to the mean BMD value. The reference data corresponding to the mean age and sex of the CS users were used to calculate the percentage of normal from the average Z-score. Longitudinal BMD studies were analyzed separately and selected if they included only first-time CS users and provided data on the BMD changes at different times of follow-up.
The meta-analysis focused on the BMD measurements of lumbar spine, hip (femoral neck, total hip, trochanter, or Ward's triangle), distal and mid-shaft radius. The method of BMD measurement was noted (i.e., single photon absorptiometry, dual photon absorptiometry, quantitative computer tomography (QCT), or dual Xray absorptiometry (DXA)) along with the average daily and cumulative CS dose. The cumulative dose, if not provided, was calculated from the daily dose and duration of use. Pearson correlation coefficients were calculated to assess the linear association between dose and BMD. Multiple linear regression analysis was used to evaluate the relationship between daily or cumulative CS dose and the percentage of expected BMD value. Each study was weighed according to the number of CS users. Analyses were adjusted for the mean age, percentage of women, indication for therapy, and method of BMD measurement.
Studies that provided information on the number of patients with a fracture in both CS users and a control group were also reviewed. The crude odds ratio of fracture was estimated for each study. The across-study odds ratio of fracture was estimated by combining the individual study estimates using the Mantel-Haenszel method. It was tested whether the study estimates were statistically similar (homogenous). Combined odds ratio may not be valid unless odds ratios are homogenous across studies.
Results of Review
Our review included 66 studies with BMD measurements in 2891 CS users . Of these studies, most (56 studies with 2631 users) were cross-sectional whereas some (10 studies) followed 260 first-time CS users longitudinally [9, 20, 25, 33, 38, 42, 51, 56, 67, 71] . A majority of studies (66.7%) included less than 50 CS users and only four studies included a minimum of 100 users. Females were more often studied (71.5%) than men and the average age of study patients was 55.2 years. The most frequently cited indications for therapy were musculoskeletal disorders (67.1% of patients), followed by obstructive pulmonary disease (15.7%). Overall, the average daily dose was 9.6 mg of prednisolone (or equivalent), with a cumulative dose of 17.8 g and duration of use of 5.4 years. BMD was assessed using dual X-ray absorptiometry in 41 studies, single or dual photon absorptiometry in 25 studies, and quantitative computer tomography in seven studies.
The largest report which evaluated fractures was a population-based cohort study which included 244 235 CS users. This study (referred to as the General Practice Research Database (GPRD) study) was conducted in a general practice setting in the UK [75] [76] [77] [78] [79] . There were a further 29 smaller studies which have also investigated fracture [16, 22, 30, 38, 41, 52, 57, 58, 68, 74, [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] . Six studies were excluded from the analysis due to insufficient information for OR calculation [41, 52, 80, 83, 90, 96] . The remaining 23 studies reported on 119 hip, 220 vertebral, 28 radius fractures and 191 fractures of unspecified locations in CS users. The average daily dose of CS used in these studies was 7.8 mg prednisolone and cumulative dose was 13.9 g prednisolone. These studies were analyzed separately from the GPRD study, given its much larger size.
Overall Skeletal Effects
A review of the studies that provided details on fractures showed that almost all reported higher rates of fracture in CS users, although this increase did not always reach statistical significance in the smaller studies. One crosssectional study reported protective effects of CS for fracture [80] . As shown in Table 1 The adverse effects of CS therapy on bone were confirmed in two randomized controlled studies. The loss of lumbar spine BMD at 3 to 5 months was statistically significantly greater in patients using on average 7.5 mg prednisolone per day compared to randomly selected controls [38, 51] .
The ratio of trabecular bone relative to cortical bone can vary across sites in the body. The lumbar spine has the most trabecular bone, followed by the hip and distal radius. The mid-shaft radius consists primarily of cortical bone. Using QCT, it is possible to measure both trabecular and cortical BMD independently at one site. Of five recent studies that used this technique, the three larger studies reported statistically significant reductions of cortical BMD [39, 95, 99] . Two smaller studies reported only small reductions of cortical BMD in CS users [38, 100] . In all but one study [39] , the bone loss was found to be greatest in trabecular bone. One study reported that the cortical BMD was reduced in CS users and that the number of vertebral fractures per patient correlated highly with cortical BMD [95] .
Relationship to CS Dose
The GPRD study found a strong relationship between daily dose and risk of fracture ( Fig. 1 ). Excess fracture risk in CS users was stable at about 20% for daily doses lower than 5 mg prednisolone but increased for higher doses. Patients who used a daily dose of 20 mg had a non-vertebral fracture rate, which was about 60% higher than the rate in the control group [76] . Cumulative CS dose was also correlated to the risk of fracture, but this correlation was weaker than that observed between daily dose and risk of fracture. Positive correlations between cumulative dose and fracture risk were also found in other studies [89, 97, 101] . Two of these studies also evaluated the effects of daily dose and reported that cumulative dose was the stronger predictor of fracture [97, 101] . In the meta-analysis of the other fracture studies, CS use was associated with an increased risk of fracture but there were no statistically significant correlations with either daily or cumulative dose.
A strong correlation was found between cumulative CS dose and decreases in spine and hip BMD (Fig. 2) . The strong associations of spine and hip BMD with cumulative dose persisted when any study was excluded from the analysis. Regression analyses including both cumulative dose and the square of cumulative dose showed no evidence of non-linearity in the doseresponse relation. Individual studies reported inconsistent results. A positive correlation with cumulative CS dose was reported in some, but not all, studies (positive 65, 66, 102, 103) . In most of these studies, the statistical power to detect meaningful differences was not provided and was probably not large.
The across-study evaluation did not find a statistically significant relationship between daily CS dose and decreases in BMD. After adjustment for cumulative dose and other variables, daily dose was not associated with BMD at any of those sites. Similar to the reports on cumulative dose, daily CS dose was found to be a predictor of BMD in some [15, 35, [103] [104] but not in other studies [14, [22] [23] [24] 29, 37, 43, 46, 59, 65, 66, 101] .
It has been widely debated in the literature whether there is a dose threshold for the adverse bone effects of CS therapy. Studies of patients using daily doses on average of 7.5 mg prednisolone or lower at the time of BMD measurement found conflicting results. Several studies found no substantive reductions in BMD at lower doses [15, 16, 18, 26, 28, 37, 39, [54] [55] [56] [57] 102, 103] , in contrast to others [29, 30, 36, 43, 47, 68, 98, 105] . Interpretation of these results is complicated because the daily doses used prior to the BMD measurement were frequently unknown and not taken into account. More convincing information of the effects of low CS doses comes from two randomized clinical trials, which found statistically significant BMD reductions in patients using daily doses of 7.5 mg prednisolone: spine BMD loss of 8.2% at 20 weeks [38] and 2.0% at 12 weeks [51] .
Onset of Skeletal Effects
Rapid onset of fracture was observed in the GPRD study [75] . Figure 3 shows the incidence of non-vertebral and vertebral fractures after starting CS therapy. In patients using 7.5 mg, or more, prednisolone per day, the risk of non-vertebral fractures was increased by 54% in the first year of therapy compared to baseline (unadjusted). In patients with continued high dose CS therapy, the rate of fracture did not change substantively [75] . The risk of vertebral fractures also increased greatly in the high dose group.
The GPRD study findings are consistent with the high rate of new vertebral fractures within the first year of CS therapy found in four randomized clinical trials, with the rate in the calcium-treated placebo group ranging from 8 to 17% [106] [107] [108] [109] . However, the finding of rapid onset of fracture was not observed in two smaller studies [110, 111] . Interestingly, two studies conducted in parallel under similar protocol found no differences in the risk of vertebral fractures between new and longterm CS users. In patients who had been treated for 3 months or less prior to enrollment, the rate of new vertebral fracture in the first year of therapy was 17.3% in the placebo group [108] , compared to 15.0% in placebo patients who previously had been treated for an average of 5.2 years [112] . However, spine BMD decreased by 2.8% in the first-time CS users and hip BMD by 3.1%, whereas there were no changes in longterm users [108, 112] .
The onset of bone loss is rapid within the first months of starting CS therapy, slowing down after about one year of therapy. Figure 4 shows the bone loss from the spine of first-time user followed in longitudinal studies [9, 20, 25, 33, 38, 42, 51, 56, 67, 71] . One limitation of evaluating bone loss longitudinally is that daily dose may vary and reduce over time. A histomorphometric study of 16 patients starting CS therapy (10-25 mg/day) found that there was severe trabecular bone loss in the first 6 months of therapy, with much slower bone loss thereafter [113] .
Offset of Skeletal Effects
Whether the increased risks of bone loss and fracture with CS use persist following discontinuation of therapy is an important consideration. There is strong evidence that suggests that corticosteroid-induced osteoporosis and its consequences are substantially reversible after CS therapy is stopped. In the GPRD study, most of the excess risk of fracture disappeared within 1 year of stopping therapy. This effect was most pronounced for vertebral fractures, but was also apparent for hip Epidemiology of Corticosteroid-Induced Osteoporosisfractures [75] . It was also noted that the rates of fracture also decreased in patients with a higher level of previous exposure when they stopped CS therapy [76] . A small cross-sectional study reported comparable rates of vertebral fracture in past CS users and controls [41] . Furthermore, two cross-sectional studies found that the BMD of past CS users was comparable to that of non-users [28, 41] and a longitudinal study found substantial increases in BMD after discontinuation of CS therapy [38] . In addition, studies in patients who were cured of Cushing's syndrome reported normal BMD. A study of 17 patients found that whereas patients with active Cushing's syndrome have a substantially reduced BMD, previously cured patients had normal BMD [114] . A morphometric analysis in two cured Cushing's patients found a dramatic renewal of osteoblastic activity, with extended osteoid surfaces and normal appositional rate [115] .
Susceptibility to Skeletal Effects
Not all patients using CS therapy develop a fracture. It is thus of interest to establish whether there are patient characteristics, such as age, sex, or underlying disease that predispose patients to fracture. The GPRD study found that the RR of fracture with CS therapy was similar across age, sex, or underlying disease. For example, the risk of hip fractures was increased by 59% in female users and by 67% in male users. Also, patients with obstructive pulmonary disease showed comparable increases in risk of fracture compared to patients with arthropathies [77] . Other studies have published conflicting results on individual susceptibility to fractures. Naganathan et al. [52] observed a higher increase in vertebral deformities in older users compared to younger users, whereas Peel et al. [57] observed the converse.
The results of various BMD studies are clearly inconsistent. Ruegsegger et al. [104] reported that younger people are more susceptible than the elderly, but other studies reported an absence of age effect [35, 61, 66, 101] . Similarly, conflicting results were reported for sex: some studies have shown women to be more susceptible [12, 37, 48] ; another study has observed increased effects in men [49] ; whereas others found no major differences between men and women [11, 21, 61, 64, 101] . With respect to underlying disease, two studies have reported no differences in the effects of CS in patients with rheumatic or lung disease [14, 61] . Overall, the effects of cumulative CS dose on BMD were not influenced by age or sex in this review.
Relationship Between BMD, Architecture and Risk of Fracture
Significant interest in establishing the relative roles of density and micro-architectural bone changes in corticosteroid-induced osteoporosis was triggered by Luengo et al.'s [116] findings of an association between BMD and vertebral fracture. They observed that the rate of vertebral fracture was substantially higher in CS users than in patients with idiopathic osteoporosis, attributed to direct deleterious effects of CS therapy on bone architecture [116] . Selby et al. [117] , however, had contrasting results: vertebral fractures occurred at similar levels of BMD in CS users and non-users. But they also found that CS users had statistically significantly more vertebral fractures than non-users despite the similarity in BMD [117] . Thus, the data by Selby et al. do not provide compelling evidence that CS-induced bone fragility is caused primarily by BMD rather than micro-architectural changes.
The possible importance of changes in bone quality affected by CS therapy can be evaluated by assessing whether increases in fracture risk correspond closely to observed BMD changes. Peel et al. [57] found that there was a six-fold increase in the risk of vertebral deformity in CS users compared with controls, but only a 0.79 SD reduction in lumbar spine BMD. Table 2 shows the relationship between BMD changes and increases in risk of fracture. Based on the results of the regression analysis, it was estimated that a cumulative dose of 13.9 g would correspond to an expected BMD loss versus Z-score of -1 was taken to correspond to a 10% BMD reduction below normal at the spine and 17% of the hip. Based on estimates from Marshall et al: RR of vertebral fracture is 2.3 for -1 Z-score change in BMD, for hip fracture this is 2.6 [118] c Based on GRPD estimates in patients using cumulative doses of 0.5-5 g and >10 g, respectively.
d Based on estimates from fracture studies other than GPRD that had an across-study average cumulative dose of 13.9 g. normal of 4.7% at the spine and 6.1% at the hip. Using data from a meta-analysis on the relationship between BMD changes and fracture [118] , this BMD change correlates to an expected RR of 1.48 for vertebral fracture and 1.41 for hip fracture [118] . The observed RRs of vertebral fractures were 3.05 in the GPRD study and 2.86 in the non-GPRD fracture studies. For hip fractures, the observed RRs were also comparable (2.34 and 2.01, respectively). Thus, these data suggest that fractures occur at much higher rates than expected on the basis of BMD changes. BMD changes during CS therapy may only predict to a moderate extent the increases in fracture risk.
Comparison of fracture rates in the placebo groups of several clinical trials found that there was a much higher incidence of vertebral fractures in patients with corticosteroid-induced osteoporosis compared to those with postmenopausal osteoporosis, despite a higher baseline BMD in patients with corticosteroid-induced osteoporosis. This strongly suggests that the risk of fracture may indeed be substantially higher in corticosteroid-induced osteoporosis at a similar level of BMD compared to postmenopausal osteoporosis [119] . Histomorphometric reports indicate that bone loss due to CS therapy occurs predominantly by trabecular thinning rather than by perforations or disconnections of trabecula as in idiopathic osteoporosis [120, 121] . This suggests that the trabecular micro-architecture may be not be disrupted with CS therapy, except in the most severe cases of trabecular thinning.
Confounding by Underlying Disease
Patients using CS often have complicated systemic disorders that may lead to bone loss, independently of CS therapy. In studies with two control groups (one with the same disease as the CS users and one without disease), it was found that lumbar spine BMD of the CS users was on average 10.1% lower than that expected for a group of similar age and sex (23 studies; 777 CS users). For the disease control group, the figure was 3.6%. For hip BMD, these figures were 11.2% and 6.2%, respectively (16; 597) . This information suggests that a substantial part of BMD loss is related to CS therapy.
Discussion
The results of our meta-analysis led to the suggestion that CS therapy is associated with a dose-related increase in risk of fracture and BMD loss. These effects may be substantially reversible after stopping therapy and are independent of underlying disease, age and sex. Inhaled CS therapy has been associated with increased loss of BMD [122] . However, a large cohort study found that users of inhaled CS therapy had higher risks of fracture, but that this excess risk was related to the underlying respiratory disease rather than to inhaled CS therapy [123] .
Limitations of Review
The results of several studies were conflicting which may be due to a number of reasons: (i) large statistical variability due to small number of patients and measurements; (ii) imprecise estimates of CS dose schedules, incomplete information on the patients' compliance and varying definitions of CS exposure; (iii) imprecision and less sensitive and varying locations of the BMD measurements; and (iv) selection of an inappropriate control group. In addition, there are also limitations specific to this review. Summary information from individual studies that had varying methods of data collection such as BMD measurements was used. Comparisons between CS users and nonusers that were made within each study could confound results if the magnitude of BMD reductions varied substantively between techniques. However, this limitation of the analysis to studies that used DXA and adjustment for BMD technique did not alter the results. The analysis was also limited to published information: effects of negative unpublished studies cannot be assessed.
Daily Dose versus Cumulative Dose
One of the unexpected findings in the large GPRD study was the early increase in risk of fracture in CS users, which was strongly related to the daily dose [75, 76] . The effects of cumulative dose on risk of fracture were much less pronounced than those of daily dose [76] . In contrast, this review found a strong relationship between cumulative dose and BMD, and a much weaker relationship to daily dose. The BMD results would suggest increases in risk of fracture, which would start slowly after beginning of therapy but increase proportionally with duration of use. So, how can we explain those apparently contrasting results?
Bias may be one explanation; although it is too difficult to exclude all potential biases, it was considered unlikely in the GPRD study that bias is the explanation for the early daily dose-related increases in risk of fracture [75] . Also, the assessment of the independent effects of daily and cumulative dose is complicated by their close correlation. Nevertheless, it should be noted that the GPRD and BMD studies included different populations with varying patterns of CS use. The GPRD study was based on patients from a general practice setting, who mostly used CS intermittently with relatively few chronic users and patients with rheumatoid arthritis [79] . In contrast, the BMD studies were primarily conducted in specialist centers, in predominantly patients with rheumatoid arthritis using CS continuously over prolonged periods of time. This suggests that there may be two main mechanisms underlying the increased risk of fracture.
A key mechanism of corticosteroid-induced bone loss is a decrease in the rate of bone formation. Corticoster-oid excess has been found to promote the apoptosis of osteoblasts [124] . The result is a relative increase in bone resorption at the basic multicellular units, the sites of bone remodeling. As only a small part of bone is being remodeled at one point in time, changes in BMD will only occur slowly. Chronic CS exposure is likely to cause the largest BMD reductions with repeated effects on newly active remodeling units. In contrast, daily dose is less likely to be a major determinant, given the delayed onset and the relatively small number of remodeling sites. Studies of bone markers have provided further evidence of the inhibition of bone formation. A dose-related reduction in osteocalcin levels has been found within the first 24 hours of CS therapy [125] , which is rapidly reversible [126] . The second mechanism could be osteocyte apoptosis, as proposed by Manolagas [127] . Osteocytes are the most abundant cell type in bone and originate from osteoblasts. Although their precise function is unknown, apoptosis could lead to a deterioration of bone quality and early increases in fracture risk [127] . Osteocyte apoptosis was found to be prevalent in corticosteroid-induced osteoporosis [124] . Also, bisphosphonates have a protective effect against fracture despite relatively small increases in BMD and they have been shown to prevent osteocyte and osteoblast apoptosis [128] . Interestingly, daily dose is a strong determinant for avascular necrosis of bone, which can lead to a collapse of the femoral head and which can occur shortly after start of CS therapy [129] . Osteocyte apoptosis was found to be prevalent in patients with this disease [130] . Thus, bone fracture could possibly be the result of a less severe apoptosis than avascular necrosis of bone. If this hypothesis is correct, a strong correlation between fracture risk and daily dose, as observed in the GPRD study [75, 76] , could indeed be expected given the large number of osteocytes.
Management of Corticosteroid-Induced Osteoporosis
Various guidelines have been developed for the therapy and prevention of corticosteroid-induced osteoporosis [4, 5] . The results of our review suggest that the risk of fracture appears shortly after start of therapy and at relatively low daily doses, with an increase in risk observed with use of doses above 5 mg/day. The risk appears to be substantially reversible after discontinuation of therapy. We therefore propose that preventive measures against corticosteroid-induced osteoporosis should be given parallel to the CS therapy in patients using daily doses above 5 mg, especially in patients with a high risk of fracture. High-risk patients may include patients aged 65 years or older, or those with a low baseline BMD or fracture history. It is also likely that the BMD threshold for fracture is different in corticosteroidinduced osteoporosis compared to postmenopausal osteoporosis.
